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SYNOPSIS 


One of the various possible variants of ‘Direct Strip 
Process' consists of compacting a block from a mixture of 
iron oxide superconcentrate powder and a binder. The ‘green 1 
superconcentrate block is simultaneously reduced and sintered 
at an elevated temperatures using a solid reluctant such as 
coal or charcoal. The resulting sponge iron block is subsequen- 
tly hot rolled to form a fully densified strip / which is then 
cold rolled and annealed to produce the finished strip. 

The present study deals with finding out the suitability 
of saw dust charcoal as a reductant for the block variant of 
direct strip process. Simultaneous carburization which may 
occur during reduction of superconcentrate block m the packed 
bed of saw dust charcoal/ and decar burizati on which may occur 
during preheating cf the reduced block jn hydrogen atmosphere 
prior to hot rollmg/has also been studied. Finally/ the 
amount of cold rolling has been optimized to obtain the best 
mechanical properties of the cold rolled and annealed finished 
strip . 

It has been found that saw dust charcoal is suitable to 
be used as a reductant for the ‘block variant 1 of direct strip 
process. It has also been found that the simultaneous carbur- 
ization does take place during reduction of the block/ the carbon 
content of the reduced block increases with the reduction time 
and it varies from corner to the centre of the block. However, 
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decarburiza ti on tal'ac, phcr- du rj nrj prcbe _ tin j in hy Irocjen 
*_tnosph _ 'rc pro or tc hot rolling, and c croon contci t is reduced 
to a Very low level 10 ehc noc rolled strip®. The boot mechan~ 
3crl properties hive teen found fer the finished c dl rolled 
and annealed direct strip c which >uive teen given 50-60% 
reduction m rhickness during cold rolling. 
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CHAPTSP 1 

inT POD^CTIOH 

A large friction of total " pi oduct - 11 is rolled 

m the form of strips/ for most common metals. In case of 
steel/ the flat steel products conenbut^ around 2 0/ of the 
total production/ on a world wide scale and ti is percentage 
is rising. Host thin strips ( tme cness ^ 0.25 toO.l ifo 1 ; are 
produced from large size ingots of thickness 300 ram . Thus 
the amount of deformation required to produce the finished 
strip is enormous. It causes a rmjor increase in capital 
equipment and operating costs/ and the yieUd of finished 
metal strips or sheets is low, of the order of 70 % for staol. 
Because of extensive hot and cold rolling, the energy require- 
ments are also high. 

The above drawbacks cen be minimised by starting with a 
thinner slab. In continuous casting, the thickness of the 
continuous cost slab, which is the starting material for the 
production of thin strips, is 100 - 150 mm for steel. This 
reduces the hot rolling to a considerable e> tent. Jj though, 
t-hc continuous casting has several advantage-, over static 
casting, it's introduction docs not radically change the 
situation for steel. The thickness of tnc continuous cast 
slab can not yet be further reduced because of the engineering 
problems associated with it, although efforts are being made 
worldwide to cast thin strip continuous 'y which can be hot 
and cold rolled to produce tbe finished strip. 
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Further, trie c" wentional method <. £ steel strip 

production, to be economically vu r le, requras Icrye plant 

size, the copacity being not If ss than 1-3 million tomes 

per annum, depending on the location. Tn<=> larg _ uuj i ar^ 

capxtel intensive and have a long gestation period. Ihr 

experience of mini-mills in U.s.A. sne jj th~t it is nuch more 

economic a" 1 to run smaller plants at high utilization f-'ctxr 

1 

than larger plants at a lower utilizati >n f \ctcr. 

prom the foregoing discussion, it is clu'r oh ^t t K e 
conventional thin steel strip manufactun jj industry is highly 
capital intensive and there is much room f^i tixC d ev eloprrr nt 
of the alternative routes of trim strip mating from an econo- 
mically viable small or medium foe plant requiring lea capital 
j nvestment. 

1 ,1 Powder M eta 1 lur gy pou tf-^s^ t or Ma-fcn g T h^it__G'tcol S^^rip . 

Thin strip inaking routes based on powder r*v talhargy are 
most important amonqst the alternative routes levelopcd to date 
Tho economical ly viable minimum plant capacity xor mating steel 
strip by powder metallurg/ route is 50,000 t to 100, 000 tons 
oer year. The capital cost of ?/ti plant is approximately 3 0°/ 
less than the conventional plants. 2 The product yiewl ror 
the P/M plant is about 90% . The reduction to pre the 

final finished strip is of the order of 5 1 . The -nergy 

requirements for the production of the steel strip by the 
P/M routo is 27 GJ t / t to 33 GJ t / t of the finished str_P 
as against 34.6 GJ t / t for the conventional routed 
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The starts na Wcit-erial for pakiny steel strip by P/M 
route as iron/stet_ 1 powder. This par Mar is compacted. into 
a ' green" strip uhica is a mechanic" lly •. nded r r c r.a 1 powder 
formed into a strip which is relatively porous and brittle. 

Tnis can be done by the rrc t hod of rt.ll coruxaticn of the loose 
powder or by first making a coherent and flexible strip from 
a slurry made from powder r~' 1 suitaole winder and then roll 
compacting it. The green strip thus obtained is thT cm cored 
at a sufficiently high temperature ( around 1100 C to 1150 C 
for iron /steel) and hot rolled m a single pass to produce 
fully dense strip^ Which is subsequently cold rolled 3 rid anne- 
aled to make finished Strip,, ^lrer natively/ the sintered strip 
may be dens if led by repeated cold rolling and annealing cycle 
to make fully danse finished stru. 

1 • 2 Integrated Powder Technology h »ab-s for taking Thin 

Steel strips 

The P/M route, as outline 1 above, li<' cv^r , suffers from 
economic constraints, as it j resent the- cost cf iron/stool 
powder is more than the cost of steel air’ 1 '. is partly due 

to law demand for iren/steel pander at present. ft _s therefore 
necessary to integrate the s seocra t c ijtep cf pjvc er proctoction 
into the process of strip making itself to mate its prod i cts in 
economically viable. It will also reduce che number of unit 
operations and will make the process economically more attra- 
ctive by lowering the capital equipment and operating costs. 
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\ couple of ouch methods have been leveloi r, nd one such 
method i° " Direct scrap Process'. 

Direct strip Process consists of rr ± v a homogenous 

and free-f Iowa rg slurry from iron ox'de suocrconcentrate po/der 

1 - ( 3 

( iron oxide 99 ,x ) at a ,jater soluble winder . Tfe slurry 

cast into a strip form and dried. jU^oeguencly it js roll 
compacted to increase its strength. The roll compacted super- 
concentrate " green' strip - then simultaner isly reduced 
and sintered at a high temperature to form ? spoil je ir^i trip 
which is subsequently hot rolled to produce fully dense strip. 
It is pickled/ cold rolled and annealed to produce tne final 
finished strip. It is apparent that the eLovo roue- does not 
involve the production of iron/steel r -c ter at any a n termed! ate 
s tago, and yot operates on the basic priicipl~s as tnat of 
the traditional P /h route described earlier, Tne starting 
material m this proces i is iron ere sjrcrconcantratc ana 

the cost of benefication to got the ore of such high, purity 

is not much, keeping xu view the fact tint no further refining 

is needed at any intermediate stage, L.D. .B. of Sweden has 

demonstrated uhnt the cost of magnetite super concentrate is 

9 

not more than 50 o/ of crude ore price per unit of iron . The 
various unit steps of steel strip production from iron ore 
superconcentrate are a] so integrated m the sense diut tbe 
various stages of the complete process follow one another 
immediately, and the product of one stage is not subjected 
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to handling or removal tr> storage b if ore -roecedmg to the 

next. For these reasons, such a route; has been termed as 
d 

integrated power rec analogy roucu. lie direct str p process 
is based on ceseoas reduo taints such as nurc or a mixture 
of d 2 and CO gas derived from tne ste-'m informing of naptha 

cuts • 

l* 3 1 N ew Ro ute fo r M i king T hin Strips Directly from 

I ron Ore Sup ere o acen.tr ate 

The direct strip process as outlined above does not 

permit the use of solid reductints such as coal, cnarcoal etc. 

, „ . .10 

One such variant of direct strip process t '3 oeen describe! 
which allows the use of coal as a xeductcnt. This route, has 
been shown m Fig. 1.1. It consists of muring iron ore super- 
concentrjt c powder ( iron oxide - 09 o/ J ) with a wat r soluble 
binder such as \cacia ?r;bica, in -uch a or oporto, or that each 
particle of powaer is just coa tod with the bm' r solati on. 
This mixture is oompactcl in a die to a toilet drape which +.$ 
subsequently reduced by coal surrounding the block kept inside 
a muffle ot about 1150 U C. The reduced sponge iron 1 lock js 
then hot rolled to a fully densified stria which is further 
cold rolled and annealed to produce tne finished strip. 

The above mentioned route has been successfully studied 
by V e tha n a yagam° « Kagnetite superconcen tr i te powder (non 
oxide 99.5%) supplied from L.k. B. , Sweden was used as 
the starting raw material; 
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fig. 1.1 Plod variant route of lined- at^io 

process lor making thin steel e cr n p 3 

directly Iron iron ore sunerc j.i-’cn unite 



16 


* caci _ Arabic a tf<is used is £ binder ; : nd thrr e verities 
of coal- xwasned e rd middling grade coal/ devol - talized brown 
coal and conventional charcoal cere tried as reductant'-, Tnere 
x/orc, however/ few problems encountered with these solid reduc- 
tants. Tne wasned and middling giade coal which contained a 
large amount of volatile matters creared serious practical 
problems because of the sticking of the entire coal m-iss to 
the inner wall of the metallic tube. Hence in w ~c not co isi~ 
derad suitable for further investigation. Conventional charcoal 
and devola talized brown coal did not pose a iv suc,h prorlem nut 
another problem was encounnered xrbich iT as relate. with the 
size and shape of tlic coal porticoes. Uca or course size coal/ 
say, >-10 nim, resulted m the reoridation of tie freshly reduced 
sponge iron block during cooling inside tne ■' c unvncG / due to 
passage of atmospheric air to the blocr firougn nermeabDe coal 
bed. Use oC -6 ( 3.3 nw ) nrsh size coal prevs lted tne passage 

of air through coal bed/ but use of Cine size oC the.e types 
of reductants left behind i fextf K3 inkers o’ she surface of tile 
block nnd some times the coil particles were embed ed on the 
surface. These Klmkers or the embeled coal particles could be 
removed from the surface but only t cost of addition oC one 
extra unit step of machining of the surface of the reduced 
sponge iron block. 

The Requirements f or solid Rcductant 

To be used as a rcductant for 1 block' variant of direct 


1.4 
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6 tri.p process, the coal/cnarco~ 1 ^houlc 1 i tier y che following 
requirements 

a) It should have a good reduction behaviour, i.e., it 

should not toko a very long time to fully reduce the 
iroi ore superconcencn te block to spenge iron. It means 
that ~ 

(a) activity of carbon in coal particles should be 
high, and 

(b) the si?c and shape of the coal particles should 

be such that they make an intimate contact with the 
surface of the block. 

(2) The coal mass should not sticu to the walls of the 
furnace or tnc surface of the block. 

(3) The coal sJze should be fine enough not to cause the 
problem of reotcid n -ion of che reduced block during 
cooling inside tne furnance. 

(4) The sh ipe and surface properties of coal particles 
should be such that tnry do not deteriorate the surface 
of the block. 

(5) It should be cheap ">nd readily -vailable. 

None of the roducuants, trued eailier, satisfy all of 
the rbove requirements together, so it ronuns to find out a 
suitable solid reductant for the block variant of direct strip 
process end present investigation makes an attempt m tms 


encieavour. 
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The mechanical properties of the finished strip obtained 
11 

by direct strip process (referred to as 1 direct strip 1 , hence 
onwards) were found to be comparable with those of low carbon 
steel strip. But the process of carburization of the sponge 
iron block is expected to take place during it's reduction m 
the packed bed of coal/charcoal, m which it is kept at 115 0°c 
for 3 hours/ and the reduced block is expected to contain a very 
high percentage of carbon, which is surprisingly not reflected 
m the mechanical properties of the resultant strip. Therefore, 
it was imperative to investigate whether the process of carbur- 
ization was really taking place during the reduction of the block, 
and if yes, then by what mechanism the carbon level could go down 
drastically in the finished strip to give mechanical properties 
comparable is low carbon steel. Such a study was not made by 

■1 Q 

Vethanayagam , and has been undertaken m the present investigation. 

Finally, the mechanical properties of the finished cold 

rolled strip/sheet depend on the amount of cold rolling deforma- 

11 

tion given prior to final annealing, Vethanayagam has found 
different mechanical properties of cold rolled and annealed direct 
strip for different amount of reduction in thickness of strip 
during cold rolling. But no attempt was made to optimize the 
percentage reduction of thickness of strip during cold rolling 
to obtain the best mechanical properties. The present investigation 
is also concerned with the optimization of cold rolling deformation 


prior to final annealing 


CK'PTPR 2 
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OBJ ECT OF T Ht 3 L Sj2iTT U jVi ST ICtnOr 

The aims of cue present invent] g" (-lO^ ai a as fellow 

To study the suitabxl lty of saw dust. cnarcoal as a 
redactant for irugnetitr superconcentr ate compacts. 

To study the simultaneous carburization which is 
occunng during the reduction of magnetite super- 
concentrate compacts m a packed bed of g->w dust 
charcoal and the decarburiz _tion of the reduced 
compac fcs prior to hot rolling . 

To produce fully dense hot rolled and cold rolled 
strip from the sponge iron blocks and to optimize 
tlie amount of cold rolling to obtain the best 
mechanical properties of die finished strips «, 



CHAPTER 3 


RW iL.TLPI.v L f lD E XP F? II ■ Eh , b PP QCEDURES 

3.1 R aw Mater i ils 

3.1 1 Ma< rnetitc. su pcrc one an cr ate 

Magnetite sui erenneentrate supplied by L.F. A.B, of 
Sewden »>as used. Tl - chemical composition andsi-erre analysis 
arc ;h» n m Tables 3.1 ( a £ b ). For all the experimental 

purpose powder of size -3 00 me c h *;a° used. 

3,1,2 Acqcj a Arabic a 

ncacia Arebica was procured from the loca] market. 

The chemical composition of chis binder was nor available 
from the local supplier. The dens it/ of .cdcin jrabica 
determined by irchimedc s ' principle was 1.14 gm/cc and. residue 
content of small grannules was found to be 2,68 wt %* while 
residue content of big grannules was found to be 1.33 wt %. 

3 . 1 . 3 Saw Dust Chare oa 3 

The saw dust charcoal was ootamed by heating saw 
dust at 800°C m a muffle m the absence of air for 3-4 nours. 
Fumes in very large quantities were released during this 
process. This coal was eauisi^ed and rice-gram snaped. 

3.1,4 Gases . 

JOT 'AR 3 Grade hydrogen and standard nitrogen supplied 
from cylinders were used. The composition of IOLaR 3 Grade 

\ 

hydrogen gas is given m Table 3 # 2* 
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TABLE 3.1a CHEMICAL COMPOSITION CF MAGNETITE HUP&RCOHCrHTRATE 


Constituents 


Te 

Fe" 

P 


++ 


CaO 

MgO 

Al 2°2 

Si0 o 


VIeight % 

71.7 - 71.3 

23.8 

0.001 


0.003 


0. 05-0.07 
0.15-0.20 
0.15-0. 00 
0.01-0.10 


TABLE 3.1b S IEVE ANALYSIS OF H G NETI T L SUI J EPCOHC ClCTTAT E 



| 


Size 

1 

I 


- 417 

Aim 

100 

-208 

urn 

/ 

99.9 

-1 04 

yam 

96.3 

- 62 

yum 

85.3 
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;' lo 3,2 


Composite -n at rr ljrk r 3 Grade hydrogen gas 


Components 


pp.a 


0 . 


h 2 o 


co 2 

CO 

Oxides of ISP 

t 

Ho 


Hydrocarbon 


1.0 

1.0 

1.0 

2*50 

2.5 


Sulphur compounds 


0.1 


H 


2 


rest 
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3 . 2 gxpeniBen ta 1 Pr oc cdure 

3,2,1 P rep aratio n of Green c ompa c fcs 

First a binder solution was prepared. The amount 
of /a ter for preparing cne solution was calculated on the 
basis of the fact that the ore to T ater ratio was 20 ay 
weight ^ . 1 T, 7c,% ( of tine ore) cinder, i.e,, Acacia 
Arabica was added, to the calculated amoun L ef /rear and the 
solution was heatad at around 80°c Lor f _f teen minutes to 
get tne complete dissolution. 

The biner solution was added to tho already weighed 
amount of superconcentrate iron ore powder in a beaker and 

it i/as thoroughly mixed with the help of moeor driven stirrer. 

Immediately after nixing, the powder was compacted m a 

2 

rectangular die by applying i pressure of 45 Mll/n into the 

blocks of size 71 mm x 48 mm x 6 mm living a density of 

65% of the theoretical density and having a sufficient 

strength for further handling of the block. These blocks 

o _ 

were dried in an air oven at a temperature of 100-125 c tor 
a duration of 3-4 hours. 

3,2,2 combi ned Reduction an d sint ering of .Grecn_Co nipac_c& 

Fig. 3.1 sho'& a view of typical suuerconce itrate 
green compact which was reduced and simultaneously smeared 
as well. A specially designed fur nance as shown in Fig. 3.2 
was used for this purpose. It conch steel of a vertical 
nimonic tube of internal diameter of 1 0C mm, with both ends 




Fig, 3.1 . A View of Superconcentrate Green Compact. 



Upper lid 


Siliconcarbide 
heating rod 


Lower lid 



nconel tube 


Hot face 
insulating brick 


Hot zone 


SCALE 1 15 (in mm) 


Fig. 3.2 A cross sectional view of the reduction 
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open. Tms type of furr me facilitates easv loacing and 
unloading of chc charge rm teri-al . Tn- cv 1 ie >as t_-xiernally 
heated with silicon carbine hearing roris. Tne furnace had a 
constant hot zone of about 120 t um sicuita 1 at rho centre. 

The lower eid of the tube was closed with a lid and 
saw dust charcoal was cnarged upto aaddic and ^33 rammed. 

Green oxide sup^rconcentrs te compact was placed on it/ and 
more saw dust charcoal was charged upto -the up^er end of the 
tube then the upper end. was also closed with a lid. 

The charged tube was heated to 115 0°c. The temperature 
was attained m about 45 minutes. The charge was kept at 
this temperature for 3 Hours and then the furnace was switched 
off. It took about 8-10 hours for fci a charge to cool dawn 
to room temperature. Suhsecuently the lo r er lid was removed 
md die enure charge was withdraw. n from tie tune. The sponae 
iron block was removed from che charcoal > rich, was reused for 
the next charge. 

3,2.3 Ho t Poll mg of S p onge Ir on E ]_ock 

The sponge iron block cl tamed after complete reduc- 
tion of magnetite superconcen tra le compacts contained about 
7 0% - 80% porosity, which correspond to density range of 
1.7 -2. 5 g/cc. In order to obtain a fully dense strip it woo 
necessary to density the block by ho+- rolling. The preheating 
and hot rolling of such a material must be done m a protec- 
tive atmosphere to avoid oxidatuon caused lay interconnected 
pores. The preheating of the soonge iron block was done 
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m hydrogen atmos "> iere, One end of une grane>-t-iinj chamber 
ras dosed while the other end h 0 jn cd zone rrojoc- 

•Lion outside the furnace. 

The preheating cnamber, which was a muonic cube 
of 100 mm internal diameter, co'taino: a flat plate as a base 
for the sponge iron dock. The reheating was ’one at 1L50°C 
for about 20 minutes. The hot rolling //as Performed on -> 

two -high mill having 13 5 mm diameter roll, nnd ot->tmg at a 
speed o£ 72 r.p.m. genera J view of the preheating and hot 
rolling arrong ment his been show/ m Fig. 3.3. It can be 
nec-n that the expended exit zone if tha prehe hng chamber 
kept the sponge iron clock under protective atmosphere upto 
the nip of tha roll-:. The standard proo cure us eg for hot 
rolla ig was as follows 

( 1 ) /\ sncll hole was drill'd nev on<- e> >,i= of che jpongc iron 
block and 1 . rae mchrome 71 re of 23 jaoijc- was tieu to it. 

(2) The sponge iron block was rushed into tin itt zone of the 
rehearing chamber. 

(3 ) The preheating furnace was placed m front <~t th- roJ ling 

mill, so that the ox-ceded exit was very close to the rolls. 

(4) The roll gap was adjusted to the requj red level and cbn 
rolling mill was svitenea on. 

(5) The heated sponge iron block was now pulled in between 
the rotating rolls with the help of the attached wire. 



SPECIMEN TO BE ROLLED 
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Fig 3 3 Hoi rolling arrangement 
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(C) The hot roJ led c tr l? coning out of dtc null vs quietly 
placed in a ciurcoo] bed to pi event o^id ti~>n. 

vbou c SO,., thic ness def urta ition 7' s nt edeu m onler 
to produce fully fierce str ip, Th - hoc rolling of sponge iron 
block into fully dense strip could not le d no m a single 
pass as the rolling mill could not yrip the C cecb donee ful] 
dons if ication by not rolling \jr s acmoved in two passes, the 
thsccness oi the hot rolled stnu after the fir 3 t pass wa 3 
about 3 mm and after the second pass ic 'as aoout 1 rnm. It 
was subsequently hot rolled to anout 0,6 mm tnicknass after 
trimming the edges. The tot rolled strip r's subsequently 
annealed at 700 C for 30 minutes m a hydrogen atmosph me, 

This also reduc*- d the scales formed on the surface, 

3.2.4 cold Rolling and , ~ lealiag of t he Hot p olled ~ nd 
Annealed D ire ct Strip 

The cold rolling of the hoc rolled strips n ls done 
on the same rolling null, hue using different rolls, fnchine 
oil xi as used as a lunnc mt for cold rolling. The hrecuon 
of cold rolling was parcll-1 to that ol tie hoi rolling m all 
the cases. The percentage thickness reduction given by cold 
rolling was 4 : 0,5 0,6 0,70 and 80/, . hit-t mently the scrips 
were .annealed for 90 minutes m a Hydrogen atmosphere. 

3 . 2 . 5 Mechanical Testing 

Load versus elongation curves ware drawn on Instron 
Universal Testing Me chine at a crosshead speed of 0.5 mm/mm. 
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from which U.T._. arid Y. ]. were dc cerrni led . The percentage 
elongation w^s determined by measuring the seperacion between 
two marts/ put on the specimen/ before and after the mechani- 
cal testing. ill the irachan-ic^il tasting iw s done at room 

temperature. Because of the shortage of strip material/ the 

Pig. 3. 4 

sice of the specimen used for mechanic' 1 1 tasting, as shown in/ 
was not according to tne B3 18 specification for steel snips 

,-ird sheets. However the geometry of the specimen wrs mainta- 
ined according to the above spocilication. Pour cpecimens were 

tested m each case, 

t 

3.2.6 Carbon Analysis 

pem carbon analysis, tnc samples were taken j_rom 
three different areas, namely, corner, edge and Centre (Fig. 
3.5) of die blocks reduced it ll 50 °m for tar^e uifferent 
periods of time - 1.5 hoars, 3 hours and 6 .*our3. For each 
set three samples «rere taken aid \ r ere sent to ficee difierent 
outside agencies to ensuj c the correctness of the result. 

These lac-ncies have determined th<= caibon contmt of the 
samples by Loco carbon determine cion mc^nod. 

A great care has to be ta m taking the samples 
from the block. As tne gradient of carbon concentr ltion as 
very sharp at the corner arid edges a very rhin sample should 
be taken from these areas to get the correct carbon concent 
m these areas, and, at the same time, the thickness of nhe 
cut samples sent to three agencies should be same ochervtse 
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Fig 3 5 The corner , edge and centre areas of 
the block 
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there re likely to oc van tiuns m the carbon content 
reported jov diflercnt agencies ter the srrr'C set. The 
ceirtce area docs not Pose great proolcm m sample coll- 
ection tl r carbon gradient -*-s not so sharp in this 
roqa on. 
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CHAPTER 4 


B®UCTION_OP MAGNETITE S UPEPC C JCS1TTP 'T' . 1 V 1 CV in A PACKED 

BED of s/w dust chepco al 

1 2 

Ve tharnyngam ~ t m his stud/, found conventional 
charcoal and devolatalized brown coal to be suitable to be used 
as reductants for Magnetite superc one entente block from the 
viewpoints of absence of sticking of coal mass to the tube will, 
easy availability, good reduction behaviour, ere.. However, there 
was one problem encountered with these reductants. The fine size 
fraction of these reductants left behind a few clinkers on the 
surface of the reduced block, while using coarse size coal, say 
> 10mm, there was a problem of reoxidation of reduced block. 
Mainly, to solve this problem and to obtain a smooth surface 
finish of reduced block, the saw dust charcoal was tried as a 
reductant. 

4.1 jSaw Dus t Ch arc oal a nd feu rf ace Finis! of t he Reduced Block - 
Saw dust charcoal w c fine, equi - sized and rice gram 
shaped in physical appearence. \ scanrang electron micro- 
scope photograph of saw dust charcoal particles has been 
shown m the Pig„41jrhe Sieve analysis of s iw dust charcoal 
is also given in Table 4.1. With this size of coal, there 
was no question of reoxidation of the reduced block, saw dust 
charcoal provided an uniform hydrostatic pressure to give 
an uniform shape to the reduced block. it did not stick to 
the surface of the reduced block and the problem of formation 
of k linkers on the surface of the reduced block was avoided. 




Fig. 4.1? A. View of Saw Dust 


Charcoal Per' 


xcles (lOOX) 



Table 4.1 Sieve of £ u \r oust Charcoal 


o.NO. 

Slave £ 
Mesh ( 

Size 

mm) 


wtft. 4 

i 

! 6 ( + 3, 

.327) 


0 

2 

- 6 4 20 

( - 3.327 l 

0.833) 

3 .4 

3 

- 20 28 

( - 0,833 1 

0.589) 

9.5 

4 

- 28 *1 3 5 

( - 0.589 l 

0.417) 

15.4 

5 

-35+48 

( -0.417 + 

0.295) 

30.3 

6 

- 48 -1 65 

( -0.295 + 

0.208) 

IS. 8 


7 - 65 + 100 ( -0.208 + 0.149) 8.7 

- 3 00 ( - 0.149) 14.4 


8 
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Ine surface finish o 1 ' the reduced blech ; > quite good. A view 
of tne reduced sponge iron bloch hr^ been shown m rig, 4.2 

4 • 2 Peducibilit/ of jaw Dust ch arcoal • 

Fig. 4.3 shcv s the percent rT iignt loss in the iron 

c' r ide Sup^rconcentr a to block as a function of time at a redu- 

o 

ction -cemper-i tare of 1150 C, using saw dust cnarcoal as u 
rrductant. The above figure also shows th r weight loss beha- 
viour at the same temperature using devolatalised brown coal 
and conventional charcoal as reductants. It can be seen that 
saw dust charcoal is slightly mfernr to conventional char- 
coal and devolatalised brown coal i n redacioility. Nevertheless/, 
the entire block was almost completelv reduced in one and half 
hour. To ensure that the last traces of iron oxide have been 
completely reduced, the blocks reduced for 3 hours have been 
used for the subsequent study. 

4.3 Discu s sion 

Jaw dust chaico- 1 xias all the properties to be used 
-■s a xeductant for rmanetite s ip ere one en crate block, it is 
cheap anl readily av u-laole, doss not stici< to the T_ 'll / and 
does no; deteriorate the shape and surface fimsn of the 
reduced block. 

The reducibility of saw dust charcoal is not as good 
as that of the devol iti alized brown coal or conventional 
charcoal but it- is good enough not to ere he any problem 
regarding the total ti ’e taken for reduction. 
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7ia. 4 , 2 *« A 


Vxevj o£ Pefiuced Sponge 


Iron Block 
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Vs % weight loss 
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The ruducioil ivy of • coil d _ „ ids on the acuirity 
Oi. Cci ^ bon m the coil particle c , rl>ir , vn z^ si , depends on 
t^e eh irucal composition, sna,v , si^c, sart'ce pron^rtieo and 
tne porosicy level Present in tnr- co -1 particles, study can 
J£ ‘t J ^ Gn ns to locc into whv tne reducJDi 1 lty of sa\7 dust 
charcoal is loss than the reduc ibility of coovcnticncJ char- 
coal v;hich is loss than the reducibilivy of devolitali ’ed 
orc^n coil. Coconut charcoal can also be t T led 03 a reductant 
as it is expected to have other properties same as sav7 dust 
charcoal but it has been reported to hove higher reducibi Jity 
for the r eduction of iron oxides, bv some ;orkers 13 . 



CHAPTER 5 


41 


Cx pdup izit iop of M ~~ , ar r -i' T T :up iRCQi'icrr ’r :t: block ir packed, 

3 Ah DUr.T CH1RCC L £JD Tj brClR-bPI? PIOiI OT RIF .' ^LOCT^URI - 

HG PR CHE dII f G IN iTp CROoFR T l^ OG~IAR. P - 1 COR TO iiCT R OLLIxlG 

Itngneti ue ouoerconc''Otrate g#.cei compacts were kept inside 
a ruffle furnace pack^ wvtl s aw dust charcoal at 1150 c for 3 
hours to ensure the conpiete red 1 ctacn of aron oxide# But the 
conditions are oimi lor to picked bed cor our nation and simultan- 
eous carburisation of the block v'hich is being reduced is c#.lso 
expected to take place. Therefore the carbon analysis of reduced 
sponge iron block as well as the hot rolled etnas was carried 

out. 

The variation of carbon content at corner, edge and centre 

o 

of the sponge iron block for a fixed reduction time # at 1J 1 
shown in Fig. 5.] (a), 5.1(b) and 5.] (c). The variation of carbon 
content at a fixed location on spoi ge iroi block as a function 
of reduction time at ll50°c is shorn mF :g. 5.2(a), 5.2(b), 
5.2(c) for corner, odjo and centre ana respectively. 3 he corner, 
edge and centre ai^as of the bloc k have been shown m F ig. 5.3. 
These dates h"vc also been ban n Table 5.1 which also contains 
the carbon content of the hot rolled sciip at uhe edg' and centre 

areas . 

It is clear from the high carbon levels shown m Table 
5.1 that simultaneous carburisation id taking plaoc during the 

reduction of the magnetite superconcentrate block. But carbon 
level is reduced to a very low level m the hot rolled strip 



Car 



Fig 5 1(a) Carbon content at the corner, edge and 

centre areas of the block reduced at 1150°C 
for 1 5 hours 



Carbon , % 
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Location at the block 


Fig 5 t(b) Carbon content at the corner, edge & centre 
areas of the block reduced at 1150°C for 
3 hours 




Carbon , % 



Location at the block 

Fig 5 1(c) Carbon content at the corner, edge & centre 
areas of the block reduced at 1150°C for 
6 hours 
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TEMP. = 11S0°C 

I 

6 


content at the corner area 
unction of reduction time 
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Fig 5 2(b) Variation of carbon content at the edge area 
of the block as a function of reduction time 






Carbon , % 


7 
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Fig 5 3 Carbon diffusion in the magnetite super- 
concentrate block at the corner, edge 
and centre areas (arrows show the dire- 
ction of carbon diffusion ) 
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which mean# thuc the process of decai our oration is al c o taking 
pl.ee at a jfcngc m between th- rcduc id sponge iron block and 
hot rolled strips, i.e.^durmg th~-> -/reheating m hydrogen atmos- 
phere prior to hot rolling. 

5.1 D 3 scussron 

5 . 1 .1 Car bur 1 2 ation 

Although there are few variations m the Corbin 
analysis done by the different agencies ( rig. 5,1 (a), 5,1 (b) 

&. 5.1(c)), it is apparent thit,by and larac, the carbon cont- 
ent is maximum at the corner area, minimum at the centre 
area, and an between the two at the edge area of the block. 

The variations in the carbon analysis may bt due to difficul 
ties m taking the samples from the block for carbon analysis, 
as explained in section 3. 2. 6, or due oo experimental errors 
m carbon analysis. This is auite <“ emoted as at corners, 
the c irbon diffuses from four side , at auges, it diffuses 
from throe side, and at the centra -‘born two sidis only, as 
shown m Fig. 5.3. 

Fig. 5.2(a), 5.2(b) rd 5.2(c) show that the carbon 
content, at a fixed location at a foxed temperature, increas- 
es with the time of reduction. This can *lso be explained on 
the basis oi diffusion of carbon. If the time for diffusion 
of carbon ls more, tne carbon content inside the clock will 


also be more 
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The mec nanism of c or cur i <31 1 of steel may be 

uucIbX' stood on tlis "Crisis of f.^ l concepts 

("* ) Source supplying the c ^rbor. e'-'d tne transfer of carbon 

to the steel surface/ and 

( 2 ) a diffusion, which is corcerned ith tnc movement of 

carbon in ^teel itself, and is influenced by the prop- 
erties of the steel. 

To understand the various reactions involved m tne 
process of carburization, it will be more convenient to deal 
induction and carburization simultaneously -s carburization, m 
the present case, is preceded by the reduction of iron oxides. 


The first step in the reduction of na netite io the 
fcormotion of CO which is formed m two steps. >t lo ;er Lemper- 
atures / frrst CO 2 J ^ formed 

C (s) + ° 2 { ' q) " CC 2 (g) — ( 1 ) 

This GO, then reacts with carbon ot hiah temperatures 
to forms CO* 


C/„) + C0 2 (g) 2C0 (g ) (?) 

The oxygen for the above reaction comes from the air en crapped 
m the pores of packed bed of saw dost charcoal as well as the 
magnetite superconcentrate block, 

CO is also generated at the point contacts between 
the iron oxides and carbon, i.e., rf% 




i f 




92051 \ 
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Pe 3 0 4 (s) + C(s) 3 FeC(c) + CC (g) (3) 

FeO(s) t- C (o ) re (s) + CC 5 ) ( 4 ) 


Tne CO formed front these reactions then reacts with 
the iron oxides to form C 0 2 

Fe 3 0 4 (s) ' CO (g) 3 TeO(s) -t C0 2 (g'* (5) 

FeO(o) -co (g) rc(o) + C 0 2 (g) ( 6 ) 

The C0 2 then reacts with the excess carbon to regener- 
ate CO 

C(s) + C0 2 (g) — 2 CO (g ) — (7) 

and the cycle is repeated. 

Once the reduction of a layer is complete/ it starts 
getting carburized. First thj nascent carbon is formed at 
the surface 


2C0 (g) — C0 2 (g) + C — ( 8 ) 

then it is this nascent careen th^r liEcast 1 inside the 
block«CC 2 reacts >uth ft 0 excess carbon ts regenerate CO 

C0 2 (g) + CM 2 CO (g) (9) 

and the cycle is repeated. 

The fundamental law governing the diffusion of carbon 
m steeJ is the Pick's law of diffusion 


_dm__ 

dt 


= -SD 


dc 


dx 


where 


dm 

dt 


may be taken as the time rate of flow of the 


solute carbon through the area s. D is diffusion constant 
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eld 

and — — - is the rate at whicn ahe carbon concentration C 
dx 

varies with the depth x* Tie flow of carbon 3n y- steel 
12 / m part, analogous to the flow of heat 10 solids, and 
to some extent expression developed for toe conduction of 
heat are applicable. 

Poster r , after carburizing compacts mo.de fi n carbonyl 
iron powder of 8 /Urn aver go pomelo size ccncludacl that 
a density of at least 6.85 g/cc is necessary to give a wcl" 1 
defined case, i.e. ts cat the diffusion path of carron. Tne 
hey requirerae r, u 1 as stated to 00 a fully r ..crystallized struc~ 
tUj.^. containing isolated cores away f cm gram round o^xes. 

The porous sponge iron block, h avir c ■> dci .1 t m the range 
of 1.7-2. 5 g/cc and porosity 1 .val r = 70 30 v , has interconn- 
ected pores. Hence rhe c. ' i tac t 'rea S, m tne picsest cas©/ 
will be much more compared no a steel block of same sise, 
and carbon will diffuse to e greater depth. Ire mechanisms 
involved m caroon diffusion throuah a p<. roas iron mass arc, 
however, are not yet fully understood but tne presence of 
interconnected porosity, allowing gas to permeate, is obviously 
the major reason for deep penetration of carbon during the 
carburization process. 

5.1.2 p e c arbur 1 z a 1 1 on 

When a carbon stool is heated m. pure hydrogen ic has 
been suggested 1 5/16 that direct reaction may take placo between 

the gas and the carbon In the steel . 

fc_? se H 2H 2 (g) CH_ (g) 


( 10 ) 
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T.he above mechanism seems to be most unlikely m view 

of un stability of CH^ at high temperature . Qne experimental 

observations al-o show that the rate o£ dcc<trbun Z ntion of 

sheets m pure hydrogen js very Joes, Johansson and Von 
1 7 

Seth , after heating plain carbon steel at U5 0°c for IF hours 
found that carbon content came down to 0.22b from a level of 
0.12% and to 0.38% from a level of 1.13% . Th_ fiecarourization 
of poxous sponge iron block m pure hydrogen atmosphere will 
be some-what faster due to larger cc a tact art, * between the 
gas and the block owing to the ?r€ c enc j jf intt-reonnected 
pores but at can not explain such a fast dccorourization rate 
ehat reduces the carbon level from about 1.2" to around 0.05% 

in 20 minutes at -> temperature ef 1150°G. 3 r sone ">thc-r 

\ 

moohanism has to be found. 

Water vnPOur increases considerably thw f'c^rKi a zitig 
power of otherwise pure hydrogen, \uscxr has suppiiea data 
on the dec arbur l s a ti on at 800°C of a stsel contarni lg l.07 o/ 
carbon and 1.42%, Chromium ( Fig. 5.4). m s r suits indicate 
that whereas pure hvdrooen has a r 'eal, out limited, c 1 ec arbur- 
izing action, the presence of '"a ter vapour, - 1 le^ ,t in conce 
ntratxons above 10 nu lligramg per cubic Ie ~t ( 0.37 ppm), 

gives rise to vary pronounced decar bur is a tier. The nature of 

the reactions involved i, not fully -understood, but it is 

1 9 

probable that tne process is a two st y cue / m fhe firsL 
of which the water vapour is dissociated, netting free nasccit 



Carbon content , % 
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Distance below surface of 1 in round bar , Inches 


Fig 5 4 Decarburisation of 1 07% Carbon, 142% chromium 
steel in dry and moist hydrogen treated 55 hours 
at 750° C ; C,,C 3l C tl C Sl C 6) C 10 treated 55hours at 
800°C 18 
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hydrogen inr] oxygen whicn then r-'^ct it^ tr = carbon m sclu— 
ti r n m tne cteel , 

H ? 0 ll ? 3 0 (13 ) 

C C J H , J 4 H CH 4 (12) 

/~ c -7 Fe + 0 — to — (13) 

Reaction (12) and reaction (13) operate m < parallel 
combination and the rate of reaction will be determined by 
the faster step. The reaction (13; is more likely to take 
place m vie / of hiah stability of CO at hijh temperature# 
Hence a combination of reaction (13 ) <~c reaction (13) is, 
Perhaps, the main mecnarusm, responsible for decarbunzation 
of the sponge iron block prior to hot rolling. The composition 
of IOLAR 3 Oracle hydrogen, used _n the present study, as shown 
in Table 3.2, does, indeed, reflect that ehc traces of not 

only water vapour at also of oxygen and carbon dioxide are 
present in sufficient amount to cause vigorous decarbunzation 
of tlic sponge iron block. 
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OPTI MISATION O F C 0 I D ROLLING DEFQRt dPION 

In producing cold-rolled snoot fron low-carbon steel, 

particular attention is given to the selection of the opntnum 

degree of" deformation m cold rolling. For niff eieno types of 

steel different amounts of cold xolxing hove been found optimum* 

At many p] mts, the overall reduction during cold rolling usually 

2 0 

amounts to 5 0-7 0% . Ic was ful 4- necessaiy co opruiruso the 

amount of cold rolling for the drect steel stn_ produced by 
this new route also. 

Table 6,1 & mablu r ,1 show the l lecha ijcal properties 
of hot rolled ~’nd cold rolled ' n 1 nuncnleO direct strips respe- 
ctively. Fig. f-.l , 6*2 Ft 6,3 shad the v a rimon of ultimate 
tensile strength, yield strength and percent ige along: tion 
respectively wa th the percentage r<. luction i , thickness during 
cold rolling. From these, caries, it is deal t r ut the r c.ngo 
of 50 to 60 n/ redaction m thicks ev - Claris , cold rolli gives 
the best mechanical properties, 

6 , 1 Dip cuss ion 

A churac teres tic xoature of fine dir^cc sued strip 

produced from magnetite superconcentx mo >loc’' is the prt.se.ice 

of inclusions . Magnetite suparc one Jitr >te contains audit 

2 v o 1 , % of impurities v^hich mainly consists of a idee of Crdciun, 

21 

Magnesium, Aluminium and Silicon . ' 1 hcs^ imparities i ernun 
inside the finished strip m che form of fine inclusions distr- 
ibuted uniformly throughout the matrix. It is, Perhaps, mainly 
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l'aule 6.1 * M£cKj n ic al^Pro'Qp r ti e s of Hof Roll d 
o iCl nn cal ^d _ Dir ec t c tr xps 


U.T.S. I'.O. 'lougatioi , 

(hNm*" ) (iU . ”-) (iL' if 1 ) 


240 + 0.4/u 


160 V' 34+0' 


T-iole 6.9 . Mechanlco l Rropc rtios of Cold '^llcl anl 
Annealed Direc t_ S tr x t s 
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deviation from the mean value 





• m 




40 



Thickness reduction during cold rolling, % 


Fig 6.3 Effect of cok! rolling deformation on the 
percent elongation of the annealed strip 
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these inclusions whicn ire responsible fox the variation in 

mechanical properties dm mg cole rolling, 

\s degif _ of l jf or motion increases / nuclvvtion rote of 

the recr/s tsllxzed rue lie conoid xrobly exceeds the growth 

rate during annex Liny resulting ir a decrease m /. <n size. 

ucnce/ as thf amour t of cold rolling increases, mechanical 

properties of the cold rolled and annealed strip improve due 

to reduction m gram si?e. Simultaneously , a creases ^re gen- 

or item at matrix- inclusion interfere during cold rolling and 

holes or micro cracks may be formed around haid inclusion 

which ire embedded m relatively soft steel matrix. Mechanism 

of hole formation and growth under tensile stress is well 

(29 ) 

understood. Ourland and rlateun , m equating the elastic 
energy stored m tie p-rticle to the work of producing a 
particle size crack, hnvr calculated that the applied stress 
required ( <r ) is given by 


where o is i stress-concentration factor, F 3s young's modulus, 
y is the fx ac care surface enerqy , and d is the particle diam- 
eter, The value of q depends both on the relative rigidity 
of die particle and matrix a*«d on the shape of the oarticle. 
so such cracks may iorrr around tie inclusion during cold roll- 
ing also if the required stress level is reached. The formation 
of these cracks will cause deterioration m mechanical propert- 


ies. 
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'j’n m«-t Allograph! ijpnan_t*;L ^ sicro-cracks at 
the matrix- me Lu jicn r n r .rfac , ir vo 3v : - polislurg. But 

during polishing ^ omi ircJuei ns nay tall ^ut, and raerz- 
c racks may also agp-ar at the int-r£aca cE soma inclusions 
with matrir due to dc cohesion. The pnl urinary trials of 
scanning electron microscope osarunation of the cold rcllid 
spocamms did not (five a clear indication zhethn r the nicro- 
cr acks were actually formed during the cold rollin', or not. 
Much more detailed work on a large number of sye-3 "ions 10 
needed to a sc rtam this Fact. 

Mechanical properties improve with cold rolling 3uo to 
grain re fx neurone but after a certain amount of co3d roibng, 
peihips/ the mjc'oorackb formation fc-l es plac= alY ,ri - i 110 
inclusions r gulling in a decline m m<~e 'apical >~ 'OOiti s 
of the cold re Lied and mnt .u- 1 sen . 
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COrCLUS IONS 


1 . 


2 . 


3. 


4. 


5 . 


6 * 


7 . 


it is iDOfa&i>]r L, pc educe qood quality, fully Jensafiad 
stool strap by ‘oan-et strip Process from rra^netite 
sup^rconoontratc bloc 1 using oqcig \ratici as a binder 
and saw dues charcoal as a reducing agent 
The pr tent mvos tig^ta on shows that it is uossible to 
fully reduce the magnetite suporc one entente block of 
■ 3 ]?e 71 x 48 x 4 mru m a packed bed of s?' dusr 
charcoal m One ud half hour at 1150 C. 
c ,aw dust charcoal ha 3 3 ,en found to oe ft blu. for 
reducing lie magnesite cuperccncentro be clock ^ it 
gives a aood surf nee finish to eh a r.'ucs' 1 block and 
an extra ^tep of cj ranine tb_ -urf ice if lu.uccd block 
prior to hot xilliun is itvm \ ' , 

o i mul tancous cor jorisu _i n tab a - 1 ace during the piocoss 
ol roduo tion ot nagnetne su icier neon t" ce block m 
packed b 'd of saw just on acijl. 


Cirbon contone oe uhc spoiv i^op block is ma^amum at 
•the corner and mi mum ?t the centre. <t 115 0 C # for 3 
hours of ^eduction time, tire average cor nor contort is 
1.13',' at l ho corner and 0.75 c f ~t the centre* 
carbon content oC the block increases with increase m 
tame for which -he bloc* m kept msade the saw dust 
charcoal bed for reduction. 

Decarbur izatxon of the sponge iron block tekes plocc 
durang preheating m hydrogen atmosphere prior to hot 
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rolling/ reducing carbon to _ v ry 1 rr level and 
distributed uniformly along tne /ldt'i lii tie hot 
ro] led strip. The avexage carboi consent o'" the 
hot rolled strip is 0. 0 /% at the edges and 0,05% 
at the Centre, 

8, The host mechanical properties are obtained for 

the finished cold rolled and anrealiO d ur^ct sh"ir 
which have been guven 50-60% reduction m thickne* 
during cold rolling, ^he scrip/ given a 60% reduc- 
ti on m thickness prior to annealing/ has J,T,C. 

—2 - "* 
of about 2 50 MSTm / Y,S. of about 98 cM v and 

ab out 38% alongation „ 
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SUGGESTIONS FOR FURTK T P mVLSTIGPTlQN 

1. Coconut charcoal may bo treed as a rod actant for the 
block variant of direct strip process. 

2. A detailed study nay be done to understand tun carb- 
urjzation mechanism of the porous sintered iron mass. 

3. A careful scanning electron microscope examination 
may be done on a large number of cold rolled and 
annealed direct strip specimens to ascertain whether 
microcracks are formed around inclusions during cold 
rolling. Another, indirect method may also be tried 
for such study. The cold rolled strips, which have 
been given various amount of cold rolling, may be 
annealed at a relatively high tempera cure, say 1150 c, 
winch would simultaneously bring about some sintering 
leading to removal or microcracks generated during 
the rolling. a comparision may then be made with 
mechanical properties of cold rolled direct strips 
annealed at lower tempejature, say 7 00 c, as found 

m the present study. This compansron will give 
an indication whether the microcracks are formed 
around inclusions for higher amount of cold rolling 


or not, 
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ATP El® 1/ 1 

THEORETICAL DENSITY OF MAGDE^ITE S UPE RC GN CEMTRATE 

and piduced sponge iron 
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CaO 


0.06 

0.083 

3.25 

MgO 


0.175 

0.212 

3.58 

a1 2°3 


0.175 

0.242 

1.76 

Si° 2 


0.075 

0.104 

2.64 

Fe 


71.750 

99.330 

7.86 

FeO = 

7 2,, ++ 
— Fe 

56 

30.600 

- 

5.70 

Fe 2 ° 3 


68.500 

- 

5.18 
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7.8257 
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APPEND IX 2 


THEORETICAL % WEIGH T L OSS FOR COMPLETE REDUCTION CF 
THE IRON ORE SUP ERCQNCEU fRATL CGMP'CT 


Weight percent of Fe = 71.7 - 71.8 ( from chemical analysis) 

-f-f 

Weight percent of Fe =23,8 ( 1 ) 

-L. 

Assuming the magnetite spinel to contain Fe and Fe ions, 

* 1 — |— {- 

the weight percent of Fe - 47.95 % 

During reduction only oxygen from magnetite is 
removed and the refractory oxides like CaO, Si0 2 , A.^O^ an0 - 
MgO remain unreduced. 

4 - 4 - 1 6 

% 0 2 associated with Fe = x 23.8 = 6.82 % 

o/ n lj h ar 

/0 associated with Fe = 5H"”S~x~2 x 47 = 20,624 0/0 


Total 0 2 to be removed for complete reduction = 21 .AS % 
Amount of binder solution ased wH£Sr"~ ~ 

% Binder w.r.t. the ore =1. 

Let the weight of th e ore be 'X* gms, then the amount of 


solid binder present m the compact — 5 lTls » 

1.335 x 

Residue from the binder = --4.^— gms 


. *. Weight of the fully reduced sponge iron block- Weight of 
iron ore superconcentrate ( x gms)- Weight of C> 2 associated 

with iron ions ( 0.2745 x gms) + weight of residue from binder 

-4 
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Theoretical weight loss percent for complete reduction 
of the iron ore super concentrate compact = 27.44 %. 

This value ^ill he altered by the amount cf clinkers 
sticking to the surfaces of the sponge iron block and "the 
amount of carbon introduced into the sponge iron block 
during reduction. 
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